Introduction
============

Arbuscular mycorrhizal fungi (phylum Glomeromycota) are, without question, an ecologically important component of soils, forming symbioses with \~200 000 plant species in all the major biomes ([@bib4]; [@bib23]). Arbuscular mycorrhizal fungi improve plant P acquisition and also other soil nutrients ([@bib5]; [@bib8]). Arbuscular mycorrhizal fungi exert a strong influence on plant community structure, plant diversity and ecosystem function ([@bib21], [@bib22]).

Despite their ecological importance, surprisingly little is known about basic AMF ecology, their biogeography and the factors governing the structure of AMF communities. As with most soil microbiota, molecular techniques to measure diversity have allowed ecologists to study AMF communities in a way that was not possible a few years ago. Most of the studies on AMF diversity evaluate variation in DNA sequences derived from amplicons of specific targeted genes or regions of the genome; sometimes referred to as a meta-genomic approach. Despite this worthwhile pursuit, in this Perspectives article, we argue that in order to understand the role of AMF in shaping plant communities, molecular data need to be aligned with relevant levels of AMF diversity. Here we explain why approaches might currently not be aligned and we propose some possible solutions that may be more ecologically relevant for understanding how the diversity of AMF influences plant ecology.

In a first step, researchers using molecular approaches to document AMF diversity should consider findings from experimental studies that identify which are the ecologically relevant levels of AMF diversity that influence plant ecology. In a second step, these scientists then need to develop molecular approaches to allow the measurement of those ecologically relevant levels of AMF diversity. In a third step, researchers need to then measure ecologically relevant levels of AMF diversity in nature or in experiments that will help to pinpoint the role of AMF diversity in plant ecology and ecosystem functioning. In order to understand the problem, we first need to consider the ecological rationale for measuring AMF diversity in communities and also understand the way in which molecular techniques are currently used to measure such diversity.

The rationale for measuring AMF diversity
=========================================

The measurement of AMF diversity in ecosystems is carried out for many different reasons. The most fundamental reason is to find out more about the basic ecology of AMF. New knowledge about AMF ecology has being successfully uncovered with the application of high-throughput sequencing-based techniques, with exciting and intriguing results ([Box 1](#box1){ref-type="boxed-text"}). For this reason, this Perspectives article by no means represents a criticism of previously published molecular studies or their important findings.

We assume that a driving force in documenting AMF diversity resides in their ecological importance, especially as increasing richness of AMF taxa was shown to exert a positive effect on plant community productivity, acquisition of phosphate and plant diversity ([@bib22]). Thus, a major ecological goal should be to better understand the importance of AMF diversity in structuring plant communities and to understand how it contributes to the functioning of 'healthy ecosystems\'. Given the rapid climatic changes to ecosystems, it is important to understand how any environmentally induced changes in AMF diversity might influence plant communities, other microbial communities and the functioning of ecosystems. Finally, an important goal should be to establish whether given levels of AMF diversity are indicators of healthy or unhealthy ecosystems. However, in order to establish such relationships molecular approaches are needed that actually target the ecologically relevant levels of AMF diversity.

Finding ecologically relevant levels of AMF diversity
=====================================================

There are numerous published examples of apparent differential effects of AMF species on plant growth. Here we refer to AMF species as morphologically recognisable taxa (based on spore morphology) from which DNA sequencing has allowed the construction of a well-supported phylogeny ([@bib11]). Because many studies have shown large differences in growth among plants inoculated with different AMF species, this has lead researchers to focus on AMF species or genera differences as probably representing a functionally important level of AMF diversity.

We suggest that placing the ecological importance on AMF species differences may well be misleading. Most studies showing significant differential AMF isolate effects on plant growth have used only one isolate per AMF species. The underlying assumption in such studies is that one isolate is representative of the species. However, including several different isolates of each AMF species can lead to very different conclusions. We illustrate this with a hypothetical experiment, where two AMF species and three isolates of each AMF species were used to inoculate one plant species and the variation in plant growth among the treatments was quantified ([Figure 1](#fig1){ref-type="fig"}). Let us imagine that variation in plant growth was significantly different among all isolates, but that the majority of the variation in plant growth was found among plants inoculated with different isolates of the same AMF species ([Figure 1a](#fig1){ref-type="fig"}). Indeed in [Figure 1a](#fig1){ref-type="fig"}, the mean plant growth response to the two AMF species is very similar. If we repeat the experiment, but randomly choosing only one isolate per AMF species, we would likely observe that the two different AMF species resulted in differential plant growth and may wrongly conclude that the important level of variation in plant growth is determined by different AMF species ([Figure 1b](#fig1){ref-type="fig"}). The experiment shown in [Figure 1b](#fig1){ref-type="fig"} has been performed many times, but very few experiments have followed the design in [Figure 1a](#fig1){ref-type="fig"}. The other extreme is where no significant differences occurred in plant growth among plants inoculated with the different isolates of the same AMF species ([Figure 1c](#fig1){ref-type="fig"}). Thus, the results of the second experiment indeed represent differences in plant growth caused by interspecific AMF differences ([Figure 1d](#fig1){ref-type="fig"}).

Although the experiment in [Figure 1a](#fig1){ref-type="fig"} has rarely been performed, evidence from two published studies suggests that variation in effects of AMF on plant growth can be larger among plants inoculated with AMF of the same species than inoculation with different species. [@bib14] inoculated cucumber (*Cucumis sativus*) with four AMF species and several isolates of each species. Large significant intraspecific variation in AMF was observed in plant growth, fungal P uptake, plant shoot P uptake and extra-radicle AMF hyphal length ([@bib14]). In a recent study, alfalfa (*Medicago sativa*) was inoculated with several different isolates of each of 10 AMF species ([@bib12]). Again, very large growth differences were reported among plants inoculated with different isolates of the same AMF species, especially in terms of root biomass. Thus, the results from these experiments are similar to those in the hypothetical experiment depicted in [Figure 1a](#fig1){ref-type="fig"}. Randomly choosing one isolate from each AMF species for a second experiment would have a high likelihood of giving the results depicted in [Figure 1b](#fig1){ref-type="fig"}.

The studies by [@bib14] and [@bib12] indicate that intraspecific variation could potentially be the most ecologically important level of variation in AMF. However, there are at least two caveats. First, the fungi originated from different places. Thus, the studies do not provide a measure of intraspecific AMF effects on plant growth from a true population. One study shows significant intraspecific AMF effects on plant growth among isolates from one population. However, there was no comparison of interspecific versus intraspecific AMF effects ([@bib10]). Second, so far, studies of intraspecific AMF effects on plant growth have been conducted with only one plant species. More plant species are required in such experiments in order to establish whether there are plant species × AMF intraspecific isolate interactions. To measure the importance of intraspecific variation in AMF as potential drivers of diversity and productivity in plant communities would require experiments like that of [@bib22] to be conducted with different levels of richness of different isolates of AMF species, with a true among-AMF species comparison.

Although intraspecific genetic variation in AMF may be ecologically very important, current molecular approaches to documenting AMF diversity completely ignore this level of diversity. Alternative molecular strategies to documenting genetic diversity in AMF communities are greatly needed to encompass this diversity.

Levels of resolution in AMF diversity afforded by current molecular approaches
==============================================================================

The ecological relevance of generated meta-genomic data on AMF must be governed by the resolution afforded by the methodology. That resolution largely depends on the region of the genome that is sequenced and the subsequent treatment of the data; particularly how the data are clustered and matched to available reference databases.

Current approaches and challenges of using meta-genomics techniques for studying AMF communities were recently reviewed ([@bib6]) and some of the notable advances in understanding AMF ecology afforded by these approaches is shown in [Box 1](#box1){ref-type="boxed-text"}. The majority of AMF meta-genomic studies have focussed on regions of the ribosomal DNA; the small subunit rRNA (SSU), the internal transcribed spacer or the large subunit (LSU). In sequence data sets, subsequent clustering of rDNA reads is made into operational taxonomic units either with or without comparison to a reference database or the identification of sequences to virtual taxa (VT; [@bib15]). Virtual taxa are phylogenetically resolved groups of sequences that give taxonomic resolution similar to morphologically recognised species, but only for some families ([@bib16]). At present, the largest and most frequently updated database is MaarjAM containing AMF SSU sequences that can be used to define VT ([@bib15]). Many groups use this database as the standard reference. Using the VT approach, or robust hierarchical clustering methods such as DBC454 ([@bib17]), it is possible to obtain clusters or identities approaching the species level at best. Thus, current methods for studying AMF diversity do not encompass the level of AMF diversity that might be more ecologically relevant (as described in [Figure 1](#fig1){ref-type="fig"}) and, therefore, may not be appropriate for studying the role of AMF diversity in ecosystem ecology.

Establishing and curating a database such as MaarjAM requires a very large effort. When databases already exist, researchers can contribute additional sequences, allowing an evolving resource. Finding new informative markers and developing similar resources with different levels of resolution is such a large undertaking. It is, therefore, very tempting for any groups lacking substantial financial resources to use existing databases and approaches for studies on AMF diversity without questioning the ecological relevance of the data generated.

Aligning molecular approaches with ecologically relevant levels of AMF diversity
================================================================================

Because current meta-genomics approaches to documenting AMF communities may be misaligned with measurements of ecologically relevant levels of AMF diversity, alternative molecular approaches are required that can encompass within-species genetic variability in AMF. Hopefully the recognition of this problem by molecular ecologists might lead to the development of novel solutions.

We propose a three-stage strategy towards the development of a working approach to measure more relevant levels of AMF diversity in natural communities. Our proposed approach is certainly not caveat-free but will hopefully provide a framework for future work. The three stages are: (1) to develop a high-throughput DNA-based approach for measuring intraspecific AMF diversity in a target AMF species; (2) to upscale such an approach to be able to encompass intraspecific diversity in key AMF species. Alternatively, develop a database of genetic polymorphism across the Glomeromycota by generating multilocus sequence data for all available isolated AMF taxa from which markers can be developed to target any level of resolution; (3) to use the markers developed in stages 1 and 2 in studies of AMF diversity in natural communities or in experiments designed to investigate the role of different levels of AMF diversity in plant ecology.

Stage 1
-------

[@bib6] suggest that other levels of diversity can be addressed in the future, as the genomes of more AMF species are sequenced. However, the development of markers to estimate genetic diversity within a given AMF species is certainly not a trivial undertaking. Information on genetic diversity within AMF populations is extremely limited. Multilocus genotyping has allowed limited measurements of intraspecific variation within one *R. irregularis* population in Switzerland ([@bib9]; [@bib2]). In this case, development of genetic markers was possible because the fungus could be cultured *in vitro* allowing the extraction of contaminant-free DNA. *R. irregularis* has a large niche range and many isolates of this species exist from around the world. Using reduced-representation sequencing (RRS) techniques, such as restriction site-associated DNA sequencing (RAD-seq) performed on many isolates of *R. irregularis*, it would be possible to build up a database of single nucleotide polymorphisms (SNPs), indels and polymorphic repeat regions that could be used to develop markers encompassing the global genetic diversity in this species. Such an undertaking requires the availability of many isolates of that species but does not rely on existing knowledge about the genome of the species.

Stage 2
-------

The above-described approach is only practical for an AMF species where a number of isolates already exist. So researchers face the problem of how to scale-up such an approach for more AMF species. As we clearly cannot do this for every AMF species, how can it be done in a practical and pragmatic way?

We propose two different approaches to overcome this problem. The first approach uses existing molecular data on AMF communities to identify which species to target in more detail. The second approach uses phylogenetics and existing isolates of different AMF species to allow the development of different markers to measure AMF diversity at any level of resolution required.

By using existing meta-genomics data, based on rDNA sequences, researchers could identify which AMF taxa are particularly common in a given ecosystem (that is, generalists). This information could then be used to target isolation of those AMF species from within and among a wide range of different sites. Once a collection of many isolates of those species is available, the approach described in stage 1 above (using RAD-seq) could then be used to build up a set of markers that can define the intraspecific genetic variability in each of the multiple generalist AMF species. The markers developed using this approach would allow researchers to measure allele diversity at many loci in environmental samples for many AMF species. The problem with this approach is that isolating target generalist AMF species and putting them into culture would be extremely time consuming and labour intensive.

A second approach could partially overcome this problem. This involves obtaining DNA from as many existing isolates of AMF taxa as possible that are available in laboratories around the world. Such isolates would represent the phylogenetic range of AMF available in culture. Performing RAD-seq, using Illumina MiSeq technology (Illumina Inc., San Diego, CA, USA), on the DNA of each AMF isolate would generate millions of sequences of up to 300 bp. Paired-end sequencing would yield thousands of potential phylogenetically informative sequences of up to 600 bp from each isolate. Such an approach would allow researchers to build up a detailed database of genetic polymorphism across the Glomeromycota phylum. The availability of such data would allow researchers to build up multilocus allele diversity measurements at any level of diversity desired from among AMF genera, among AMF families, among AMF species to within AMF species. Although such an undertaking would be large for one research group, a consortium approach, ultimately generating a publicly accessible database of the sequences is feasible. We believe that such an approach would greatly enhance researchers\' capability to measure AMF diversity in environmental samples at any resolution desired.

Stage 3
-------

The availability of a database of SNPs and sequences flanking the SNPs, or other types of polymorphism, would allow the development of a large number of primers for targeting multiple loci. If stages 1 and 2 have been followed, and the first approach in stage 2 is adopted, then this would provide the possibility to measure allele diversity of target AMF species in any sample of DNA recovered from soil or from plant roots.

If the second approach in stage 2 was adopted, then primers could be designed for multiple loci at potentially any level of resolution within the Glomeromycota. By using the whole data set, comprising millions of RAD-seq reads from as many isolated AMF as possible, markers could be developed to estimate among-AMF family genetic diversity in environmental DNA samples. For the development of markers giving a finer resolution, the data set could be restricted to a particular AMF family, genus or species, in order to discover appropriate markers at multiple loci. Finally, where there are enough isolates of a given species, the data set could be restricted to only consider markers that reveal intraspecific variation.

Once polymorphic loci and primers have been identified using data generated from RRS, measurement of multilocus allele diversity in large numbers of environmental samples may not require further high-throughput sequencing. Other more economic, targeted high-throughput approaches exist such as microfluidics-based PCR arrays (such as technology developed by Fluidigm, San Francisco, CA, USA) or Nanostring technology for quantitatively measuring frequency of alleles at hundreds of loci in a small number of samples (or a small number of loci in hundreds of samples). High-density Illumina BeadChip technology would allow the screening of the presence and absence of alleles at thousands of loci in thousands of samples; a very powerful tool for screening genetic diversity within many AMF species simultaneously, if the markers existed.

The ability to use such markers to measure intraspecific diversity in an AMF species, or at other resolution, would allow ecologists to make observational and experimental investigations to elucidate whether genetic diversity in a target AMF species influences given processes in plant and ecosystem ecology and also which factors influence intraspecific diversity in the fungus. Finally, the development of markers that can target any resolution in the AMF would finally give researchers the tools to identify which levels of AMF diversity are actually the most ecologically important.

Conclusions
===========

Although molecular AMF community ecology has yielded exciting new information about distribution of AMF taxa, we emphasize that researchers interested in the ecological role of AMF diversity should consider results of ecological experiments to help define the relevant level of AMF diversity to study. A second step should be to develop molecular-based approaches that will enable the measurement of such diversity. If not, ecologists have the possibility of generating very large amounts of sequence data with limited ecological relevance. If important levels of AMF variation are below the species level then ecologists need to embrace new approaches, despite the enormous challenges. The approaches that we suggest are certainly not caveat-free, and could probably not easily be undertaken by one research group alone. However, they have the potential to help uncover the role of variation in AMF on the ecology and functioning of communities and ecosystems. For this reason, we think that a concerted effort by several research groups, and a true interchange between experimental ecologists and researchers developing molecular tools, is required to effectively elucidate the role of AMF diversity in natural ecosystems.
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![Results of a hypothetical experiment where the effects of different AMF isolates and species on plant growth are tested. (**a**) In experiment 1, intraspecific variation in AMF isolates on plant growth is observed but the mean response of the plants (shown by the horizontal line) to each AMF species is the same. (**b**) If one isolate of each AMF species used in experiment 1 would be selected at random then results appear to resemble an AMF species effect on plant growth. (**c**) In a second experiment, interspecific effects of AMF on plant growth are observed. (**d**) If one isolate of each AMF species would be selected at random for experiment 2 then results would represent a true AMF species effect on plant growth.](ismej201673f1){#fig1}

###### Ecological advances made in our understanding of AMF communities using meta-genomics

The identification and quantification of different AMF taxa from roots or soil using DNA-based techniques is essential to understand AMF community and population structure. Some more notable studies are mentioned here.

 Early indications from molecular-based studies of AMF communities revealed that a certain amount of selectivity of AMF species by certain plant functional groups exists and that AMF assemblages in boreo-nemoral forests are non-random ([@bib3]); an ecological question that had remained unanswered for many years. Using a very different analytical approach known as an evolutionary placement algorithm, potato crops in a wide range of distantly distributed sites across Peru and Ecuador contained a remarkably similar AMF species assemblage in their roots ([@bib19]). Such similarities among sites were not so easy to determine with more conventional clustering techniques.

 AMF communities have also been shown to be highly dynamic, with communities changing both in season and by year ([@bib3]; [@bib1]). Land use has also been shown as a likely influence on AMF community composition as different AMF phylogenetic structure was observed in soils with different land-use practices ([@bib13]).

 Studies have also started to look in closer detail at the relationship between AMF community diversity and plant diversity and productivity. A very original approach using 454 pyro-sequencing showed that AMF richness is more closely correlated with below-ground plant species richness (which includes DNA sequences from the seed bank and from plants that might not be growing at the season of sampling) and above-ground plant species richness and that AMF richness is negatively correlated with plant below-ground biomass ([@bib7]).

 Finally, studies of AMF community composition using 454 pyro-sequencing are opening up our knowledge about AMF diversity and distribution at different spatial scales. A core group of generalist AMF species occurred at most of the 50 German grassland sites studied in one region ([@bib20]). A study of fungal and AMF community diversity across the Vaudois alps in Switzerland, with a very steep altitudinal gradient, included over 200 sites ([@bib18]). Using a highly robust hierarchical clustering technique known as DBC 454 ([@bib17]), [@bib17] were able to demonstrate that an area of \~16 km^2^ was required to encompass most of the AMF diversity found in the region.

 Finally, a study of global AMF distribution ascribing AMF 454 sequence reads to virtual taxa, revealed that the majority of taxa are distributed over a very wide range, with 93% of taxa occurring on more than one continent and a highly surprising 34% occurring on all six continents ([@bib4]). This is highly unusual as it was previously thought that AMF have a very limited dispersal capacity. Population genomics on individual AMF species could help to uncover the mystery of how AMF taxa have been able to disperse over long distances and attain a seemingly ultra-wide niche.
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